, and the upper mantle. Although details that assimilation of oceanic crust is not an important process in the of the interpretations differ, there is general agreement evolution of Galápagos magmas, either in terms of total mass of that the plume component is strongest to the west, north, assimilated material or in producing the characteristic chemistry of and south, and upper-mantle components increasingly the lavas. We suggest two possible explanations for the systematic dilute the plume in the central and eastern parts of the differences in the depths at which Galápagos magmas cool and archipelago (Geist et al., 1988; White et al., 1993; Harpp, fractionate. First, the depth of the magma chambers may be due to 1995). Furthermore, the average depth of melt extraction the magma supply rate. A second potential control on the depth at appears to be deepest in the central part of the arwhich Galápagos magmas cool and crystallize is the regional chipelago, and the average extent of partial melting difference in the lithospheric structure. The lithosphere thickens to decreases to the south, away from the Galápagos spreadthe west across a sharp discontinuity at about 90°30′W which ing center (Geist, 1992; White et al., 1993; Harpp, 1995). approximately separates the western islands with shallow fracThis paper addresses the effects crustal evolution has tionation and the central islands with deep fractionation.
crustal assimilation is an important process in the evolSince the work of McBirney & Williams (1969) , it has ution of some oceanic magmas (see other papers in this been well established that the Galápagos islands are issue), it is important to examine this process in the divisible into several volcanic and petrologic subGalápagos. First, we establish that many magmas were provinces. Data in this paper are from the western and multiply saturated with olivine + clinopyroxene ± pla-central subprovinces. The central subprovince comprises gioclase at depth, magmas reside and crystallize at sys-the major islands San Cristobal, Santa Cruz, and Santematically different depths across the archipelago, and tiago. Although the oldest lavas from these islands are the depth of crystallization relates simply to the mor-up to 2 Ma old, each has also had Holocene eruptions. phologies of the volcanoes. We then use a combination The volcanoes of the central subprovince are subdued of trace element and isotopic data to document that shields, lacking the classic Galápagos-shield profile, and crustal assimilation has insignificant effects on the com-none has a caldera. Although primitive basalts dominate positions of all but a very few Galápagos magmas.
each of these volcanoes, they range from light rare earth element (LREE)-depleted, mid-ocean ridge basalt (MORB)-like tholeiites to LREE-enriched alkali-olivine basalts; these rock types are stratigraphically interspersed. Each central volcano has also erupted small volumes of
LITHOSPHERIC STRUCTURE OF differentiated lavas. Floreana volcano is morphologically

THE GALÁ PAGOS PLATFORM
similar to the volcanoes of the central subprovince, perThe Galápagos archipelago is the product of hotspot haps with more pyroclastic material (Bow & Geist, 1992) . activity~1000 km west of South America and 100 km Floreana's lavas are unique within the archipelago, howsouth of the Galápagos Spreading Center (GSC), a mid-ever, because they are more strongly alkaline than any ocean ridge separating the Cocos and Nazca plates others, and many have ultramafic xenoliths. (Fig. 1) . The islands emerge from a broad submarine
The western subprovince includes the seven great volcanic platform that marks the western end of the Galápagos-type shields of Isabela and Fernandina islands aseismic Carnegie Ridge. The GSC is migrating north-and the 1 Ma extinct shield of Pinzon island. These west away from the hotspot and is thought to have volcanoes are the highest in elevation and have the overlain the hotspot~8 my ago (Hey, 1977) . A left-characteristic overturned-soup-plate profile and domlateral transform fault at 90°50′W offsets the GSC by inant calderas that define Galápagos-type shields. We 150 km in the western part of the archipelago, resulting also include Roca Redonda volcano in the western subin a 3-5 my age difference in the lithosphere underlying province; it is mostly submarine and lacks a caldera, but the western and eastern halves of the archipelago.
it coalesces with Wolf volcano and is young (Standish & The proximity of the hotspot and the spreading ridge Standish, 1996) . At one time, it was thought creates a complex geochemical interaction that strongly that the western volcanoes are built of monotonous affects the composition of lavas from the ridge (Schilling sequences of tholeiite (McBirney & Williams, 1969 Verma et al., 1983) . The plume has also detailed study has shown that this is not the case. Lavas affected the tectonic history of the spreading center, from Cerro Azul (Naumann & Geist, 1995) and Volcan which is characterized by unusually thick crust, numerous Ecuador have wide-ranging MgO contents and are jumps, ridge propagations, oblique transforms, and po-slightly alkaline. Alcedo volcano has erupted rocks as sitional instability (Ito & Lin, 1995; Wilson & Hey, 1995) . differentiated as rhyolite . Only Sierra
The center of the Galápagos archipelago is underlain Negra (Reynolds & Geist, 1995) and Wolf (D. Geist, by lithosphere with an elastic thickness of <6 km and is unpublished data, 1997) volcanoes have been coneffectively in Airy compensation (Feighner & Richards, vincingly shown to erupt monotonous suites of tholeiitic 1994). The western and southern parts of the platform basalt, although detailed petrologic investigations have are flexurally supported by lithosphere with an effective not been undertaken at Darwin or Fernandina volcanoes. elastic thickness of~12 km (Fig. 2) . The crustal thickness
The old subprovince (those volcanoes with no lavas increases from~10 km on the margins of the platform <2 Ma) and the northern subprovince are not considered to as much as 18 km beneath southeastern Isabela in this work. The old subprovince includes Santa Fe (Feighner & Richards, 1994) . Two prominent structural (Geist et al., 1985) , Baltra (Bow, 1979) , the Santa Cruz lineaments control the alignment and spacing of vol-platform series (Bow, 1979), and Espanola (Hall, 1983) . canoes rising from the Galápagos Platform. One trends The northern subprovince comprises the islands Geno-NE-SW, and a second, NW-SE system controls the vesa, Marchena, Pinta, Wolf, and Darwin. The only alignment of many of the Galápagos volcanoes including common feature of these small volcanoes is their location the large shield volcanoes of Isabela and the Wolf-Darwin and the curious abundance of plagioclase-ultraphyric lineament (Fig. 2) . Neither lineament has any obvious lavas. Each volcano is morphologically distinct, and their lavas span nearly the entire trace element and isotopic relationship to either absolute or relative plate motion. range of the rest of the archipelago. Pinta and Marchena An excellent test for clinopyroxene fractionation is the have been studied in detail (Cullen & McBirney, 1986 ; Sc/K 2 O ratio (after Albarède et al., 1997) : if clinopyroxene Vicenzi et al., 1990) , but few data are available for the fractionation is important, the Sc/K 2 O ratio will decrease other islands.
as fractionation proceeds, whereas fractionation of other phases will have no effect on the Sc/K 2 O ratio. Similarly, the CaO/Al 2 O 3 ratio is useful to diagnose augite fractionation, because augite is the only mineral in basalts that lowers the CaO/Al 2 O 3 ratio. Plagioclase ac-
ESTABLISHMENT OF AUGITE
cumulation can also cause the ratio to decrease, but FRACTIONATION strongly plagioclase-phyric rocks have been removed It has been long established that the sequence of crysfrom the data sets. tallization of basaltic magma changes with increasing Most basalts from the western Galápagos show very pressure, mostly because the clinopyroxene liquidus surclear evidence of clinopyroxene fractionation (Figs 3 face expands at the expense of the plagioclase and olivine and 4), where Sc/K 2 O and CaO/Al 2 O 3 ratios decrease surfaces as pressure increases (e.g. Yoder & Tilley, 1962;  steadily as mg-number decreases. This is not surprising, O 'Hara, 1968) . This fact can be used to estimate the because many of these lavas contain augite phenocrysts. depth at which multiply saturated basalts fractionate (e.g.
The arrays formed by the lavas from the central islands Albarède, 1992; Grove et al., 1992 mg-number >66. Previous studies concluded that magmas fractionation, especially magmas with MgO <6%. For some suites (e.g. Wolf volcano, Sierra Negra, and Flofrom these islands are produced by widely varying extents reana), augite was saturated in virtually all of the magmas. of partial melting 
estimated roughly
For others, only the most evolved magmas were saturated five-fold variation at San Cristobal]. Although CaO/ with augite. Al 2 O 3 has been shown to increase with extent of melting during MORB genesis (e.g. Klein & Langmuir, 1987; Baker & Stolper, 1994) , some alkaline suites from ocean islands show the opposite relation (Clague & Frey, 1982; Hoernle & Schmincke, 1993) . CaO/Al 2 O 3 in lavas from
DEPTH OF FRACTIONATION
San Cristobal and Floreana increases with decreasing incompatible element concentrations, similar to the A series of projection schemes have been developed for MORB trend. Sc/K 2 O also increases with increasing oceanic basalts that show changing liquidus assemblages extents of melting. We conclude that the variations of with pressure (Grove et al., 1992; Yang et al., 1996) . CaO/Al 2 O 3 and Sc/K 2 O in the primary magmas of These projections show that the compositions of magmas the central islands overwhelm any signal that could be saturated with olivine + plagioclase + clinopyroxene produced by augite fractionation.
change with pressure in a predictable way when other Augite phenocrysts occur in most lavas from San components, such as TiO 2 , the alkalis, and Mg/Fe are Cristobal, Santa Cruz, and Santiago with MgO <5·5-6% taken into account. Although many Galápagos magmas (corresponding to mg-number <50). Further, mass-bal-are saturated only with olivine or olivine + plagioclase, ance calculations for each island indicate that augite it was demonstrated in the section above that at least fractionated from most magmas having mg-number < 50 some magmas from each volcano were also saturated (Lindstrom, 1976; Bow, 1979; Geist et al., 1986) . The with augite. Figure 5 shows the compositional variation magmas of Floreana are unique; even though there is to be expected if different parental magmas cool and not compositional evidence for augite fractionation, most fractionate at different depths in the sequence Ol, Floreana lavas contain augite and Cr-diopside megacrysts Ol + Pl, Ol + Pl + Cpx. In the system Pl-Ol-Cpx (pro- (Bow & Geist, 1992) .
jected from Qz; Fig. 5 , left), there is substantial overlap In summary, we believe that every Galápagos volcano between the fields formed by low-and high-pressure fractionation, although the low-pressure pseudo-invariant has erupted some lavas that have undergone augite . Fractionation of olivine alone forms a horizontal trend and fractionation of plagioclase causes no change in either of these parameters. Only fractionation of clinopyroxene-bearing assemblages forms trends with a positive slope. Field from Wolf volcano (top diagram) is shown in the lower two diagrams for comparison. All of the analyses used in this paper are available at the WWW site http://www.uidaho.edu/~dgeist/galápagos. Analyses of rocks that are clearly altered or have accumulated plagioclase were removed from the data set. Also, strongly evolved lavas (those with mg-number <35) were not considered; most of those strongly evolved rocks have been shown previously to be derived from shallow-level fractional crystallization (McBirney & Williams, 1969; Baitis & Lindstrom, 1980; . point is located at slightly higher normative Cpx con-the projection from Pl into the system Ol-Cpx-Qz, the Ol + Cpx (+ Pl) cotectic shifts strongly to the Cpx apex centrations. The field formed by magmas related by polybaric fractionation overlaps with the low-P field. In with decreasing pressure, and as a consequence, magmas Grove et al. (1992) . Lines indicate cotectics and crosses pseudo-invariant points. The left diagram is projected from quartz, the right from plagioclase. The high-P field indicates the range of compositions formed by fractional crystallization of several parental magmas at P = 7 kbar. The low-P field shows the range formed by fractional crystallization of the same parents at atmospheric pressure. The Poly-P field indicates the possible range of magmas that result from several stages of fractionation of ol ± pl ± cpx, the last at shallow levels.
that evolve by low-P fractionation create a much larger greater depths (Fig. 8) . The most evolved lavas from Santiago and San Cristobal are saturated with array than those created by high-P fractionation. Magmas related by polybaric fractionation can only be recognized olivine + plagioclase + augite between 5 and 7 kbar (16-23 km). Santa Cruz magmas are saturated with if they fractionate to the Opx + Cpx + Ol (+ Pl) pseudo-invariant at high P before ascending further. If, augite only at depths substantially greater than 7 kbar.
The mantle-xenolith-and augite-bearing lavas of Float high pressures, the crystallization sequence changes such that augite crystallizes before plagioclase, the fields reana apparently crystallize at pressures >5 kbar. The crust of the central region of the Galápagos archipelago will change little, except that on the projection into Pl-Cpx-Ol there will be an elongate field of compositions is~16 km thick (Feighner & Richards, 1994) , indicating that magmas of the central volcanoes and Floreana cool (those that crystallized along the Ol-Cpx cotectic) extending from the high-pressure pseudo-invariant to the and fractionate well within the mantle. An important observation related to these results is that all of these Ol-Cpx sideline.
The lavas from Ecuador, Alcedo, Sierra Negra, and volcanoes lie to the east of the lithospheric discontinuity mapped by Feighner & Richards (1994) , hence the Pinzon extend from the Ol apex to near the 3 kbar cotectic (Figs 6 and 7), consistent with fractionation of magmas were below the lithospheric mantle when they cooled and crystallized. Another important observation olivine (+ plagioclase) in the more primitive magmas followed by saturation with augite (Baitis & Lindstrom, is that no long-lived magma chamber is established at the central volcanoes, as evidenced by the diverse 1980; Reynolds & Geist, 1995) . These trends suggest that these magmas resided in the lower compatible and incompatible trace element concentrations of the erupted lavas (Swanson et al., 1974 ; oceanic crust at a depth of nearly 10 km and ascended with little further crystallization. The Roca Redonda Bow, 1979; Geist et al., 1986; Bow & Geist, 1992) .
As an additional test for the depth of fractionation, we suite plots near the 7 kbar cotectic, suggesting that those magmas cooled and crystallized in the mantle (see applied the MELTS computer program of Ghiorso & Sack (1995) to several lavas that have augite phenocrysts. Albarède, 1992) . In contrast, lavas from Wolf, Fernandina, and Cerro Azul cluster between the 1 bar and Closed-system fractionation was assumed, and the oxygen fugacity was initially set to the QFM (quartz-3 kbar Pl-Ol-Cpx cotectics, indicating that those magmas last cool and crystallize in very shallow, subvolcanic fayalite-magnetite) buffer. Runs were performed at various pressures to construct a P-T phase diagram (Fig. 9) . A magma chambers.
Unlike the western volcanoes, magmas from the central sparsely augite-and plagioclase-phyric lava from Ecuador volcano is calculated to have plagioclase as the liquidus volcanoes and Floreana cooled and fractionated at much 6 . Lavas from the northern half of the western subprovince, projected according to the scheme of Grove et al. (1992;  appendix 2), taking into account variations in TiO 2 , alkalis, and mg-number (which shifts the positions of the invariant points and cotectics). Obviously altered, highly porphyritic, and strongly evolved (mg-number <40) compositions are not included. Data sources: Ecuador and Wolf, D. Geist (unpublished data, 1997); Roca Redonda, Standish (1996) ; Fernandina, White et al. (1993) and D. Geist (unpublished data, 1997) . ; Cerro Azul, T. R. Naumann (unpublished data, 1997); Sierra Negra, Reynolds & Geist (1995) ; Pinzon, Baitis & Lindstrom (1980) . phase at 1 bar, with augite replacing it between 1 and olivine and augite phenocrysts is calculated to be saturated with these phases at~5·5 kbar (not shown). 3 kbar. Olivine is stable in this composition only at very low pressures. A Santa Cruz lava that contains augite, In summary, magmas from the large shield volcanoes of the western subprovince, with the exception of Roca olivine, and plagioclase phenocrysts is multiply saturated at 5 kbar and 1190°C (Fig. 9) . A Floreana lava with Redonda, cooled and equilibrated at depths between 1 Fig. 8 . Lavas from the central subprovince, plotted as in Fig. 7 . Data sources: Santa Cruz, Bow (1979) ; Santiago, Lindstrom (1976) ; San Cristobal, Geist et al. (1986) ; Floreana, Bow & Geist (1992) . and 3 kbar within the oceanic crust. Each of these Roca Redonda in the west, cooled and equilibrated at greater depths within the mantle, and these volcanoes volcanoes has a large caldera. Magmas from the more subdued shields of the central subprovince, along with lack calderas. The link is obvious: when magmas reside Fig. 9 . P-T phase diagram constructed by a series of runs of the MELTS algorithm of Ghiorso & Sack (1995) . Santa Cruz lava is an evolved one that evidently formed by fractional crystallization of an augite-bearing assemblage (Bow, 1979) and its phase relations are indicated with thicker sets of lines. Ecuador lava contains sparse augite and plagioclase phenocrysts and is indicated with thinner lines. The cross-over of plagioclase and cpx liquidus curves indicates the pressure at which the lavas were saturated with both phases. The model was run presuming H 2 O concentrations of 0·5%, and the system was closed to oxygen after starting at the QMF buffer.
in shallow crustal chambers, a caldera results; when the subducted lithosphere) may, in part, be biased towards magmas reside at the Moho or below, there is no caldera. crustal assimilants (e.g. White, 1985; Zindler & Hart, There may even be a finer relationship in that the 1986; Weaver, 1991; Eiler et al., 1996a Eiler et al., , 1997 . shallower the magmas reside, the deeper the caldera,
We take three approaches in assessing crustal conalthough this conclusion is not as well supported by the tamination in Galápagos magmas; each presuming that projections (Fig. 10) . Now that we have established that the assimilated material has been hydrothermally altered. Galápagos magmas evolve by fractional crystallization First, we compare the abundances of incompatible eleboth in the mantle and the crust, we examine geochemical ments that have been demonstrated to be mobile and evidence of assimilation, especially in those magmas that immobile during hydrothermal alteration. Second, we evolved in the crust.
have measured oxygen-isotope ratios in plagioclase separates from lavas covering the entire archipelago. Third, we reassess the available helium-isotope data. Although there is little direct evidence for the crustal
ASSESSMENT OF ASSIMILATION
architecture of the Galápagos platform, the tectonic Recent work has shown that the compositions of oceanhistory of the region is well known. The lowermost island magmas can be affected by interaction with the 6-10 km of Galápagos crust probably consists of gabbro oceanic crust (e.g. Hemond et al., 1988; Bohrson & Reid, and basalt produced at the hotspot-affected GSC (Ito & 1995; Eiler et al., 1996a Eiler et al., , 1996b Garcia et al., 1998 ). This Lin, 1995 . Much of this crust should be strongly altered, finding is fundamentally important for two reasons. First, as the GSC is well known for its hydrothermal activity if assimilation can be demonstrated as important in the (e.g. Corliss et al., 1979) . Owing to the young age of the magmatic history of ocean island volcanoes, it can provide lithosphere beneath the islands (<16 Ma), the sediment constraints on the thermal evolution of magmas as they section is probably exceedingly thin. The crust generated are transported through the crust and reside in magma at the GSC and the thin sediment layer is overlain and chambers. Second, if assimilation is important, the taxonomy of mantle isotopic components (including ancient intruded by younger Galápagos hotspot magmas. Many of these rocks are also likely to be hydrothermally altered exceedingly unlikely that these xenolith-bearing, highor weathered beneath the sea. Only the subaerial and MgO lavas assimilated substantial crustal material. The deep intrusive parts of the section are likely to be Rb/Hf data (and other mobile/immobile ratios) may not unaffected by interaction with seawater. Even these may be definitive, however. For example, although some be chemically altered, as most of the active volcanoes have altered MORBs have very high Rb/Hf ratios (up to 26; an active hydrothermal system, and the two xenoliths of Staudigel & Hart, 1983) , altered oceanic basalts from intrusive rocks for which we have oxygen isotopic data Kilauea's geothermal system have unusually low Rb/Hf have altered 18 O values (Fig. 11) . ratios (M.O. Garcia, personal communication, 1997) . As a first test of assimilation of altered oceanic crust, Assimilation of such rocks would be indistinguishable we compare Rb/Hf ratios of lavas from throughout the from simple fractional crystallization in Fig. 12 . Galápagos archipelago (Fig. 12) . The alkali metals Rb,
The oxygen isotope ratios of plagioclase separates K, and Cs are highly mobile during hydrothermal al-provide a second test for the assimilation of altered teration (e.g. Staudigel & Hart, 1983) and even subaerial oceanic crust. Lavas were selected to cover nearly the weathering (e.g. Frey et al., 1994) . In contrast, elements entire range of the Nd-Sr-Pb isotopic values found in such as Zr, Hf, and the REEs are much less mobile, the Galápagos, as well as geographic coverage and extents even at fairly high temperatures and in acidic solutions. of differentiation. We measured 18 O in plagioclase sepAssimilation of altered oceanic crust should result in arates; olivine is absent or sparse in many Galápagos abnormally high Rb/Hf ratios, as has been observed at lavas, and whole rocks are clearly altered by incipient Askja volcano in Iceland, where assimilation and anatexis weathering of these optically pristine lavas (Fig. 11) . of altered basalt has been documented (MacDonald et Oxygen isotopes were measured by the analytical al., 1987). With the exception of Floreana, the Galápagos methods reported by Larson & Taylor (1986) in the volcanoes have Rb/Hf ratios that correspond to the Geoanalytical Laboratory of Washington State Unitrends predicted by modeled fractional crystallization of versity. The feldspar oxygen isotope ratios are remarkably olivine, plagioclase, and augite. The Floreana trend is uniform for the 16 flow samples, ranging from 5·5 to clearly distinct but is believed to be due to small extents 5·8‰. The mean value of the 16 feldspars is 5·62‰ (their of partial melting of spinel lherzolite, probably with a standard deviation of 0·11‰ is better than laboratory mantle-metasomatic component that has a high Rb/Hf ratio (Bow & Geist, 1992; White et al., 1993) . It is precision of 0·20‰) ( Table 1) . Fig. 11 . Oxygen isotope ratios (plagioclase separates) vs MgO (whole rocks) from Galápagos lavas (Table 1) . Also shown are analyses of Alcedo specimens from and two crustal xenoliths [differentiated one is from ]. All values from the plagioclase in lavas with MgO >3% lie within the field of unaltered MORBs (Ito et al., 1987) . Values from rhyolites are precisely what is predicted by closedsystem fractional crystallization of magnetite-bearing assemblages [shown as arrow; from ]. For comparison, Askja, Iceland, data from MacDonald et al. (1987) and Pu'u O'o data (glasses only) from Garcia et al. (1998) are shown; the isotopic variation of both of these suites has been interpreted as resulting from large amounts of assimilation.
These feldspar data closely represent the initial mag-these phases would be required to increase significantly the magma's 18 O value. Only after magnetite fracmatic values, because magma-feldspar fractionations are small (Taylor, 1968; Anderson et al., 1971 ; Larson & tionation does the 18 O value increase markedly. No regional variation in the oxygen isotope ratios Taylor, 1986) . Determinations of plagioclase-glass fractionations from analysis of numerous natural pairs in across the archipelago is apparent, although the data base is limited to only one or a few samples per volcano. oceanic basalts indicate fractionation factors of 0·1-0·2‰ ( J. Eiler, personal communication, 1997) . Recent ex-Nonetheless, we conclude that the magmas were derived from a source that had homogeneous 18 O values, at perimental determinations of plagioclase-olivine fractionation factors (Chiba et al., 1989; Zheng, 1993) indicate least at the scale of melt development and extraction. Figure 13 compares Galápagos O and Sr isotope data that plagioclase (An 80 ) should have 18 O values~0·7-1·0‰ higher than olivine. Olivine-glass fractionation with those for magmas from Hawaii, where Garcia et al. (1989) and Eiler et al. (1996a Eiler et al. ( , 1996b have found several factors are thought to be 0·6 ± 0·1‰ (Eiler et al., 1996a) , therefore the plagioclase values may be slightly isotopically distinct source regions for the Hawaiian magmas. No low-
18
O mantle component similar to that (0·1-0·4‰) higher than the magmatic values, a small amount relative to analytical uncertainty.
proposed by Garcia et al. (1993) for the Hawaiian plume is required for the Galápagos magmas. In fact, the average Pyroxene and olivine fractionation has produced low MgO concentrations in some lavas, but this does not Galápagos 18 O value of 5·6 ± 0·1‰ is identical within uncertainties to MORB values of 5·7 ± 0·2‰ (Ito et al., appear to have measurably increased the oxygen isotope ratios of the magmas until MgO <5% (Fig. 11) . Magma-1987) . Figure 13 shows Sr ratios that range from typical MORB pyroxene and magma-olivine fractionations are <1‰ (Anderson et al., 1971) , so removal of large amounts of values to the lower end of the Hawaiian field. Thus, et al., 1987) . With the exception of lavas from Floreana, which are believed to be affected by mantle metasomatism, Galápagos lavas have nearly constant Rb/Hf ratios between one and three. Curves show assimilation-fractional crystallization (AFC) models of altered oceanic crust with 23 ppm Rb and 1·2 ppm Hf [values from Staudigel & Hart (1983) ], parental magma compositions of 10 ppm Rb and 2 ppm Hf, and assimilation-crystallization rates of 0·5 and 0·9. Analytical techniques reported by Larson & Taylor (1986) . (1996a, 1996b); 18 O is shifted 0·6‰ higher than values measured in olivine to reflect magmatic values. 'Loihi' values are glasses reported by Garcia et al. (1993) .] Most of the Galápagos lavas have been analyzed for both isotopic ratios [data from White et al. (1993) individual Galápagos volcanoes produce lavas with dis-and we believe the matrices to be incipiently altered by meteoric water, so this hypothesis cannot be tested. tinct Sr isotope ratios even though their O-isotope ratios are nearly constant. Although it has been demonstrated As a final test for assimilation of altered oceanic crust, we have reviewed the available 3 He/ 4 He values from the that Galápagos magmas are produced by the mixing of between two (Geist et al., 1988; White et al., 1993) and islands (Graham et al., 1993; Kurz et al., 1993) . Hilton et al. (1995) (Fig. 14) . The archipelago-wide variation the crust below typical MORB values, whereas lowtemperature alteration raises the 18 O values (Gregory has been attributed to mixing between several isotopic reservoirs (Harpp, 1995) or preferential extraction of He & Taylor, 1981; Muehlenbachs, 1986) . Magmas that assimilate these 18 O-altered rocks would inherit their during incipient partial melting (Graham et al., 1993; Kurz et al., 1993) . The only 3 He/ 4 He ratios lower than 18 O signature. None of the measured Galápagos plagioclase separates show oxygen isotope ratios different the MORB value are from samples dredged to the west of Fernandina, at the leading edge of the hotspot. from typical unaltered MORB values. The only specimens that fall outside the common MORB range are Whether these magmas are directly related to the Fernandina magmatic system is not known. The low-3 He/ the xenoliths, which have been hydrothermally altered, and the differentiated rocks of Alcedo, which have been 4 He lavas have exceedingly low total He concentrations (<10 -8 cm 3 /g), making them highly susceptible to slight shown to result from fractional crystallization of magnetite-rich cumulates . It is possible contamination (Graham et al., 1993) . Otherwise, Fernandina lavas have very high ( 3 He/ 4 He) Ra and constant that these magmas were contaminated by altered material after the plagioclase grew from the magma; such a values, precluding significant assimilation. It is also notable that with one exception, the (
He) Ra ratios of mechanism has been proposed for olivine from the Pu'u O'o eruption at Kilauea (Garcia et al., 1998) . Un-multiple samples from the same volcano are the same, precluding variable amounts of assimilation of 4 He-rich fortunately, glass is exceedingly rare in Galápagos lavas, VOLUME 39
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Fig. 14. Summary of helium isotopic data from the Galápagos Islands and dredged samples from the Galápagos Platform; data from Graham et al. (1993) and Kurz et al. (1993) . Data are normalized to the atmospheric value (R/Ra). Most Galápagos samples are intermediate between MORB value of 8 ± 1 and the Fernandina value >22.
material in those magmas. The exception is Floreana structure. First, the depth to the magma chambers may be due to the rate at which magma is supplied from the island, which ranges from 14·5 to 7·7 Ra. It is possible that the low value at Floreana reflects assimilation of mantle, as the volcano is carried away from the focus of the hotspot. The volcanoes in a juvenile, growing stage material with excess radiogenic 4 He by a magma with ( 3 He/ 4 He) Ra = 14; most Floreana lavas contain abundant of evolution (those that have had numerous historic eruptions) are dominated by lavas with MgO condisaggregated debris from ultramafic xenoliths (Bow & Geist, 1992) , a potential source of helium contamination. centrations between 5 and 6% (e.g. Reynolds & Geist, 1995) . A narrow, deep caldera characterizes the juvenile stage (e.g. Cerro Azul, Wolf, and Fernandina), and it eventually broadens and shallows because of filling with
DISCUSSION
younger lavas (e.g. Sierra Negra and possibly Darwin). The western volcanoes can be subdivided into two geo-The early stage of evolution may be marked by an initial morphic types on the basis of caldera morphology and phase where the magmas last reside in an upper-crustal the distribution of slopes on their flanks (Nordlie, 1973 ; magma chamber and a later phase where they fractionate Munro & Rowland, 1996; Mouginis-Mark et al., 1996) : in a lower-crustal chamber. The second stage is marked by Fernandina, Cerro Azul, and Wolf have especially deep the appearance of strongly differentiated lavas, including and narrow calderas and steep flank slopes. Alcedo, rhyolites and trachytes. Alcedo, Pinzon, and Santiago Darwin, and Sierra Negra have shallow, broad calderas are currently in this phase of evolution (Swanson et al., and are more topographically subdued. Magmas of the 1974; Baitis & Lindstrom, 1980; Geist et al., 1985) . volcanoes with steep, deep calderas stage at very shallow The interpretations presented here suggest that these depths. Magmas of the volcanoes with broad, shallow volcanoes are fed by magma chambers in the lower calderas cool and crystallize in the lower crust. The oceanic crust or possibly at the Moho. The magmas steepness of the volcanoes' flank slopes may be due to evolve to great extents because there is no longer a steady the eruption rates, which are in turn controlled by the supply of magma from the mantle that keeps the magma depth to the chambers (Naumann & Geist, 1995) . reservoir thermally well regulated, and the magmas cool We suggest two possible explanations for the systematic and differentiate by closed-system fractional crysdifferences in the depths at which Galápagos magmas tallization. Santa Cruz, San Cristobal, and Floreana have cool and fractionate, one that is fundamentally related only had a few Holocene eruptions and are in the third and last stage of evolution. These volcanoes erupt to mantle processes, the other related to the lithospheric primitive magmas with diverse trace-element and isotopic evidence for even slight amounts of crustal interaction comes from three low 3 He/ 4 He values at the leading compositions, thus no long-lived magma chamber is present. The small amount of fractional crystallization edge of the hotspot. We suggest the first hotspot-related magmas through the lithosphere essentially 'cleanse' the that these magmas undergo takes place in the upper mantle. magmatic plumbing system. Any later magmas merely encounter older, unaltered hotspot-related rocks. We note that this evolutionary model is circumstantial; no single volcano yet studied in detail exhibits more If assimilation is unimportant at Galápagos, why might it be important at other hotspot volcanoes? We suggest than one stage of volcanic, petrologic, or geochemical evolution. The evolutionary model is based on the pre-that there may be three settings where crustal assimilation at oceanic islands might be volumetrically important. All sumption that the volcanoes should change consistently as they are carried east upon the Nazca plate. Owing to three have the common element that they bring hot, unevolved magma into contact with hydrothermally the proximity of the GSC, the effects of a large transform fault, and the relatively fast northward motion of the altered mafic rocks. First are the systems such as Iceland and the Pu'u O'o eruption at Kilauea, where the GSC, the lithospheric setting of each of these volcanoes may be so transient that no consistent evolutionary pat-hydrothermal systems are both vigorous and deep. Second are systems such as Loihi (Garcia et al., 1989) , tern may exist.
A second potential control on the depth at which Socorro (Bohrson & Reid, 1995) and the low 3 He/ 4 He samples dredged west of Fernandina (Graham et al., Galápagos magmas cool and crystallize is the regional difference in the lithospheric structure. The lithosphere 1993). These volcanoes are fed by magmas that are the first to pass through hydrothermally altered crust. The thickens across a sharp discontinuity at about 90°30′W (Feighner & Richards, 1994) , which separates the western third possibility is that significant assimilation takes place in very long-lived systems on slow-moving plates, such islands with shallow fractionation and the central islands with deep fractionation. It is surprising that there is no as Ascension Island, the Cape Verde islands, and the Canary Islands, where repose between eruptions can be discernible control on the depth of fractionation by crustal structure. There is no apparent effect of the differences >100 000 years and the individual volcanoes are active for tens of millions of years. This would allow deep in crustal thickness across the archipelago. For example, hydrothermal alteration to take place between the ascent Santa Cruz and Sierra Negra both lie on crust that is of individual batches of magmas. If these three factors18 km thick (Feighner & Richards, 1994 ), yet their are in fact the principal control on assimilation in oceanmagmas appear to stage at different extremes, 30 km vs island magmatic systems, there should be, in general, an 10 km deep. Likewise, there appear to be shallow magma absence of detectable assimilation at most hotspots, where chambers beneath both thick crust (Sierra Negra) and repose between eruptions is short enough and thin crust (Wolf ) in the western part of the archipelago.
hydrothermal recharge is modest enough that hydroThe oft-noted crustal structures responsible for the 'Darthermal systems never establish at deep levels, and where winian' trends also appear to have no effect on the level the magmatic plumbing system has largely been flushed at which the magmas stage and cool. If the Darwinian by previous batches of hotspot magmas. lineaments are regional-scale faults, then those faults have little control on the ascent of magmas.
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